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Purpose: A recent field safety notice from TomoTherapy detailed the under-dosing of small, off-axis targets when receiving high doses per fraction. This is due to angular undersampling in the dose calculation gantry angles. This study evaluates a correction method to reduce the under-dosing, to be implemented in the next version of the TomoTherapy treatment planning software.
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Methods: The correction method, termed 'Super Sampling' involved the tripling of the number of gantry angles from which the dose is calculated during optimization and dose calculation. Radiochromic film was used to measure the dose to small targets at various off-axis distances receiving a minimum of 21 Gy in one fraction.
Measurements were also performed for single small targets at the center of the Lucy 35 phantom, using radiochromic film and the Dose Magnifying Glass (DMG).
Results: Without super sampling, the peak dose deficit increased from 0% to 18% for a 10 mm target and 0% to 30% for a 5 mm target as off-axis target distances increased from 0 to 16.5 cm. When super sampling was turned on, the dose deficit trend was removed and all peak doses were within 5% of the planned dose. For mea-40 surements in the Lucy phantom at 9.7 cm off-axis, the positional and dose magnitude accuracy using super sampling was verified using radiochromic film and the DMG.
Conclusion:
A correction method to be implemented in the TomoTherapy treatment planning system which triples the angular sampling of the gantry angles used during optimization and dose calculation removes the under-dosing for targets as 45 small as 5 mm diameter, up to 16.5 cm off-axis receiving up to 21 Gy. a) Electronic mail: tome@humonc.wisc.edu
I. INTRODUCTION:
Helical tomotherapy delivers intensity modulated radiotherapy using a continuously rotating fan beam of 6 MV photons modulated by a 64 leaf binary multileaf collimator (MLC).
1,2
Helical tomotherapy allows for delivery of highly conformal dose distributions and has re-50 cently been studied as a potential delivery mechanism for intracranial stereotactic radiosurgery (SRS). this is not a problem, since the intersecting beamlet is from the central MLC leaf which rotates about that target. However for off-axis targets, the intersecting beamlet does not rotate about the target thus the beamlet scans across the target for the duration of the projection, blurring the dose distribution. In this context, the term 'off-axis' refers to any point that is away from the machine isocenter in the left-right and anterior-posterior directions.
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The geometry of the situation is shown in Figure 1 . calculation, to be implemented in a forthcoming version of the TPS. The dose calculation accuracy with and without the correction method was tested using radiochromic film and a high-resolution 1D silicon diode strip detector, the Dose Magnifying Glass (DMG).
II. METHODS & MATERIALS:
A. Angular under-sampling correction
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The dose over-prediction is a result of the TPS not taking into account the blurring of the dose deposited by beamlets as the gantry rotates and is observed in off axis targets and long leaf open times. The correction method is to simply increase the number of source positions used for dose calculation during the optimization (every 10th iteration) and during the final dose calculation. The number of projections was increased from 51 to 153, meaning that 95 the beamlet dose is calculated every 2.35
• as opposed to every 7.06
• .
B. Dosimetric verification
To test the TPS correction method, a series of measurements of the dose to small, off-axis targets were performed. The under-sampling inaccuracy only presents itself in small targets, therefore two small target sizes were investigated -10 mm and 5 mm diameter spheres. A Radiochromic film has been shown to be a useful dosimeter for small radiation fields due 125 to its high spatial resolution and minimal perturbation of the dose. 9,10 Therefore Gafchromic EBT2 film was used to measure the dose delivered to each target in the Cheese phantom.
Separate measurements and films were used for each target delivery. Previous work has shown the utility of EBT2 film for high-dose-per-fraction measurements such as those for SRS. 15 The film was calibrated from 0 -32 Gy using a 6 MV photon beam from a Varian The angular-corrected samples were then summed to give the total accumulated counts per channel. Each channel was then converted to dose using the counts per unit dose conversion factor.
180
All measurements were delivered three times on a TomoTherapy Hi-Art treatment machine and included a fine MVCT scan for registration purposes. The MVCT slice width was reduced to 1 mm to improve the resolution available for positional alignment.
III. RESULTS:
A. Effect of SS on treatment planning parameters
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The expected treatment time was recorded for all cheese phantom plans. Figure 3 shows the treatment duration for the 10 mm and 5 mm diameter targets, both for No SS and SS plans. When SS was not used, the treatment time was relatively constant for the 10 mm targets, and increased slightly with distance away from machine isocenter for the 5 mm targets. When SS was used however, the treatment time is seen to increase significantly with 190 target distance away from machine isocenter, for both sets of targets. This is a direct result of the optimizer, when given the extra dose calculation information from the increased angular sampling, determining that the target volume may be under-dosed thus the treatment time needs to increase to ensure sufficient target dose is achieved. A second point of difference between the plans optimized with and without SS was the level of modulation performed.
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The plans optimized with SS exhibited a lower actual modulation factor than the no SS 
B. Off-axis dose accuracy
The peak measured dose was compared with the peak planned dose for each of the 200 off-axis targets planned and delivered on the cheese phantom. The difference, normalized to the planned dose, is shown in Figure 4 . Without supersampling turned on, for both targets diameters, as the target center moves away from the machine isocenter, the difference between the planned and measured peak dose increases. That is, as the target moves away from isocenter, the amount by which the calculated dose is over-predicted increases. The C. Lucy phantom Figure 5 shows the planned and film-measured coronal dose planes in the center of the
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Lucy phantom. The film measured dose in the centre of the target can be seen to be less than the planned dose for the no SS plans. Figure 6 shows the measured and planned left-right dose profiles through the center of the 5 mm and 10 mm targets delivered to the Lucy phantom, with the target center approximately 9.7 cm off-axis. It can be seen that the supersampling used for both optimization and dose calculation again improves the 220 agreement between the measured and the calculated doses. Figure 6 (a) and (c) show that the measured SS peak dose is still less than that planned, by approximately 5%, which is similar to the results seen in Figure 4 for the 10.5 cm off-axis target. 
IV. DISCUSSION
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The presented results show that angular under-sampling in helical tomotherapy treatments of small targets away from machine isocenter leads to an over-prediction of the target dose. The difference between the calculated dose and the actual delivered dose increases with distance away from machine isocenter. An improvement to the optimization and dose calculation algorithm, which triples the number of gantry positions at which the dose is 235 calculated, has been shown to remove the trend of over-prediction with off-axis distance for targets as small as 5 mm diameter, up to 16.5 cm off-axis. Although the measurements show that the under-sampling trend was removed, some discrepancies were still observed between the planned and measured dose with SS turned on. We are unable to explain why the measured peak dose at approximately 10 cm off-axis is consistently less than the planned dose. This verifies both the positional and dosimetric accuracy of the tomotherapy delivery system for the intracranial SRS treatments investigated in this study.
V. CONCLUSION 275
Tomotherapy's approximation of continuous gantry rotation during delivery using 51 static gantry angles leads to dose calculation discrepancies for small targets positioned away from machine isocenter receiving high doses per fraction. Angular under-sampling during dose calculation leads to an over-prediction of the calculated dose. A correction method which triples the number of gantry angles used in both optimization and final dose calculation 280 has been tested for 10 mm and 5 mm diameter spherical targets up to 16.5 cm away from machine isocenter. The measured doses showed the method removed the trend of overprediction of the peak dose thus improved the accuracy of dose calculation for small, off-axis single targets receiving high doses such as those seen in stereotactic radiosurgery procedures.
There still however remained an unexplained over-prediction of the dose at 10.5 cm off-axis
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of approximately 5%, which is significantly reduced compared with the plans calculated and delivered without the correction method.
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